Organic-inorganic hybrid perovskite (OIHP) solar cells have achieved comparable efficiencies to those of commercial solar cells, although their instability hinders their commercialization. Although encapsulation techniques have been developed to protect OIHP solar cells from external stimuli such as moisture, oxygen, and ultraviolet light, understanding of the origin of the intrinsic instability of perovskite films is needed to improve their stability. We show that the OIHP films fabricated by existing methods are strained and that strain is caused by mismatched thermal expansion of perovskite films and substrates during the thermal annealing process. The polycrystalline films have compressive strain in the out-of-plane direction and in-plane tensile strain. The strain accelerates degradation of perovskite films under illumination, which can be explained by increased ion migration in strained OIHP films. This study points out an avenue to enhance the intrinsic stability of perovskite films and solar cells by reducing residual strain in perovskite films.
INTRODUCTION
Organic-inorganic hybrid perovskites (OIHPs) are regarded as one of the most promising candidates for solar cells due to their extraordinary optoelectronic properties for photon-to-electron conversion, as well as their solution processability (1) (2) (3) , large light absorption coefficient (4) , long diffusion length (5) (6) (7) (8) (9) , and large carrier mobility (10) . In the past few years, the power conversion efficiency (PCE) of OIHP solar cells with a size of a few square millimeters has increased to more than 22% (11) , and the PCE of larger-area (>1-cm 2 ) OIHP pixel devices has exceeded 20% (12) . However, instability problems remain as the largest challenge for commercialization of OIHP solar cells (13) . OIHPs are reported to be sensitive to many external stimuli, such as moisture (14) (15) (16) , oxygen (17) , and ultraviolet light (18) (19) (20) . The corrosion of charge transport layers (21) or common metal electrodes by OIHPs (22, 23) represents another important channel of cell failure. To enhance device stability, encapsulation techniques are being developed to protect OIHP solar cells from the ambient environment (24) (25) (26) , and alternative corrosion-resistive metal electrodes (27) (28) (29) (30) (31) , corrosionblocking layers (32) (33) (34) that separate OIHP films from metal electrodes, and charge transport layers have been explored. On the other hand, there are far fewer studies on the intrinsic instability mechanism in OIHP films, although the intrinsic instability may dominate device degradation once the degradation caused by external stimuli is solved for OIHP solar cells. Once the degradation of the perovskite devices by external stimuli is suppressed, the intrinsic stability of perovskite films will impose the limitation on the stability of perovskite solar cells. Jacobsson et al. (35) reported a large thermal expansion coefficient of methylammonium lead iodide perovskites and raised the concern of thermally induced instability of perovskite solar cells during day/night operation. However, it is not yet clear how the large thermal expansion coefficient affects not only the quality of perovskite films but also the intrinsic stability of perovskite films.
Here, we report the observation of lattice strain in OIHP films fabricated by existing methods involving thermal annealing and the study of its impact on the intrinsic stability of OIHP solar cells. The origin of lattice strain and the mechanism of strain-induced instability are revealed. We anticipate that the successful identification and solving of strain-induced degradation represent a direction to improve the intrinsic stability of OIHP solar cells.
RESULTS

Strain in perovskite polycrystalline thin films
The presence of lattice strain in regular perovskite films for highefficiency solar cells was revealed by comparing the spin-coated CH 3 NH 3 PbI 3 (MAPbI 3 ) on poly(triarylamine) (PTAA)-covered indium tin oxide (ITO)/glass substrates to the loose MAPbI 3 powder. The spun MAPbI 3 films were prepared by the antisolvent method, as described in Materials and Methods. Briefly, toluene was used as antisolvent during spin-coating of the MAPbI 3 precursor solution. The MAPbI 3 films were formed by annealing at 100°C for 10 min. The freestanding MAPbI 3 powder was prepared by scraping the as-prepared perovskite films from the substrates. The out-of-plane x-ray diffraction (XRD) spectra of the MAPbI 3 film and MAPbI 3 powder are shown in Fig. 1A . The MAPbI 3 film on the ITO/glass substrate showed XRD peaks at 2q = 14.02°, 40.58°, and 43.13°, corresponding to (110), (224), and (314) planes, respectively. For the powder sample, all the peaks showed up but shifted to lower diffraction angles. The (110) peak shifted by 0.07°, and the (224) and (314) peaks shifted by 0.15°. The shift of XRD peaks for higher index planes is larger, which is a signature for the presence of lattice strain in either the film and/or the powder sample. Note that the sample position has been carefully aligned before measuring the thin-film and powder sample, so the peak shift is not caused by film thickness variation.
To determine which sample(s) was (were) strained, freestanding perovskites with approximately millimeter-sized single crystals were synthesized as the strain-free control samples. The XRD peak positions of the single-crystal powder matched well with those of the powder but not the films, indicating that the films on the substrates are strained. The out-of-plane XRD measures the spacing of crystal planes perpendicular to the substrate, as illustrated in Fig. 1C . A shift of a diffraction peak to higher diffraction angles, as observed in the films, corresponds to smaller plane spacing, and thus, the strain is compressive in the normal direction of the films. We performed the in-plane XRD, which measures the spacing of the planes in parallel to the substrate, as illustrated in Fig. 1D . The result of the (110) diffraction peak is shown in Fig. 1B , together with the out-of-plane peak. It can be observed that the (110) in-plane peak shifted to a lower angle as compared to the strain-free peak of the single crystals, indicating a tensile strain in the horizontal direction for the polycrystalline MAPbI 3 film.
We also examined whether lattice strain exists in OIHP films prepared by other methods, including one-step spin-coating (36, 37) , two-step spin-coating (1, 38) , and doctor blade-coating (28) . As shown in fig. S1A , all the MAPbI 3 films on ITO substrates had the (110) peak at 2q = 14.02°. When the films fabricated by different methods were scraped from the substrates, the peaks shifted to lower angles, which match those of the nonstrained perovskite single crystals. Further, perovskite films with different compositions, including formamidine (FA)-containing perovskite [FA 0.85 MA 0.15 Pb(I 0.85 Br 0.15 ) 3 ] and cesium (Cs)-containing perovskite [Cs 0.05 (FA 0.85 MA 0.15 ) 0.95 Pb(I 0.85 Br 0.15 ) 3 ], which have been used to make high-efficiency (~21%) solar cells (39, 40) , have also been investigated. As shown in fig. S1 (C and D), when the films were scraped from the substrates, the XRD peaks also shifted to lower angles. The fact that scraping OIHP powder from the substrates releases the lattice strain indicates that the substrates have strong adhesion to OIHP at room temperature, which maintains the lattice strain in the OIHP layer. The substrate on which OIHP is strained is not limited to PTAA/ITO/glass, because OIHP on other substrates generally used for high-efficiency solar cells, such as SnO 2 -covered ITO glass, Al 2 O 3covered ITO glass, or TiO 2 -covered FTO (fluorine-doped tin oxide) glass, also displayed peak shifts relative to the single-crystal OIHP ( fig. S1B ). Therefore, lattice strain generally exists in OIHP films, which are used for high-efficiency perovskite solar cells.
Origin of the lattice strain
The fact that perovskite films prepared by different methods had similar lattice strain indicates that the strain should originate from a shared pro-cess that all these OIHP films have experienced. The film formation process is largely different in the three film deposition methods. In one-step spin-coating with antisolvent, the perovskite film is formed by a phase transformation from an MAPbI 3 ·DMSO (dimethyl sulfoxide) intermediate phase (41) . In two-step spin-coating, it is formed by a solid-solid reaction between spin-coated PbI 2 and methylammonium iodide (MAI) stacking layers (42) . In blade coating, the film directly crystallizes from the precursor solution without going through the intermediate phase (43) . However, all the films were formed at temperatures of ≥100°C, whereas the strain measurements were performed at room temperature. We conducted the XRD measurement of the MAPbI 3 thin films on ITO substrates at 100°C and found that the films were not strained. We then recorded the XRD peak evolution during cooling from 100°C to room temperature and found that the strain gradually appeared in the thin-film sample. Because thermal expansion of the lattice could account for the peak shift, the peak shift of the scraped MAPbI 3 powder was measured over the same temperature range. However, its peak shift is much smaller than that of the thin film ( Fig. 2 , C and D), indicating that the peak shift observed in the thin-film materials are mainly due to the introduction of strain. The thermal expansion coefficient of MAPbI 3 was calculated on the basis of the peak shift of the scraped MAPbI 3 powder, as shown in fig. S2 . For MAPbI 3 in the tetragonal phase, the average linear expansion coefficient [(2a + c)/3] is 6.1 × 10 −5 K −1 , which is more than an order of magnitude larger than that of the ITO or glass substrate (a ITO = 0.85 × 10 −5 K −1 and a glass = 0.37 × 10 −5 K −1 ) (44) and close to what Jacobsson et al. (35) reported for MAPbI 3 thin-film samples on glass.
Considering the large thermal expansion mismatch between the perovskite and the ITO/glass substrate, we propose strain formation during cooling (Fig. 2, A and B ). When the perovskite forming at 100°C cools to room temperature, it tends to contract due to the positive thermal expansion coefficient ( Fig. 2A ). If a perovskite film is deposited on a substrate with a much smaller thermal expansion coefficient, then the perovskite in contact with the substrate cannot contract, resulting in tensile strain along the in-plane direction. To compensate for the reduced lateral shrinkage upon cooling, the film shrinks more in the out-of-plane direction, resulting in compressive strain in this direction. To verify this, we used a flexible substrate of polyethylene terephthalate (PET) with a thermal expansion coefficient of a = 2 × 10 −5 to 8 × 10 −5 K −1 , close to that of MAPbI 3 . As shown in fig. S3 , the lattice strain in the MAPbI 3 film on the PET substrate is much smaller than that on the ITO/glass substrate.
The amount of lattice strain should be critically determined by the temperature at which the perovskite is formed. We also prepared MAPbI 3 films at room temperature by drying the as-spun MAPbI 3 ·DMSO intermediate phase by evacuating for 3 days instead of annealing at 100°C (45) . It was found that the XRD peaks of the MAPbI 3 film formed at room temperature were coincident with the peaks of the nonstrained crystals, as shown by the pink line in Fig. 1A , further confirming our hypothesis. Note that MAPbI 3 film experiences a phase transformation when it is cooled from 100°C to room temperature. However, the phase transformation should not be the origin of strain, because mixed-cations/halides perovskite films, which do not have a phase transformation in this temperature range, are still strained. In addition, we prepared MAPbI3 films by annealing at temperatures slightly below or above the phase transformation temperature and found that the two kinds of films have similar degrees of strain by XRD ( fig. S4 ). It further eliminates phase transformation as the origin of strain. On the other hand, the residual lattice strain was found to be insensitive to post-annealing history, that is, regular thermal annealing after film formation cannot completely release the lattice strain. As shown in fig. S5, the nonstrained MAPbI 3 film is still unstrained after being annealed at 100°C for 4 hours, whereas the strained film was still strained even after being annealed at 100°C for 20 hours. Again, this is due to the strong adhesion of perovskite to the substrate once the perovskite is formed.
Therefore, the strain is difficult to completely eliminate in the perovskite films once formed during high-temperature processing. Although regular thermal annealing can induce grain growth and coarsening, which can reduce grain boundary defect density and improve carrier transport properties, it cannot release the strain of the perovskite films grown on substrates.
Impact of strain on film stability
Strain engineering has been broadly applied in the semiconductor industry to achieve fast transistors with both compressive and tensile strain. Although it is not yet clear how the strain affects the electronic properties of the OIHPs, a strong impact of the lattice strain on their stability in these polycrystalline films was reported here. To observe the impact of strain on film stability under illumination, we tuned the strain in the perovskite films by preparing MAPbI 3 films on thin glass substrates, which are bendable. A thin layer (~40 nm) of polystyrene (PS) was coated on top of the MAPbI 3 layers to cover the perovskites and prevent the surface decomposition initiated by moisture. Then, the films were bent in a convex shape to increase the lattice strain or in a concave shape to reduce the residual strain in the films, which is illustrated in the inset of Fig. 3 . The changing of the lattice strain of the bent films was verified by out-of-plane XRD spectra, as shown in fig. S6 . The lattice strain in the convex, flat, and concave films were approximately 0.2, 0.47, and 0.62%, respectively.
Three samples with different bending states were sealed together in a petri dish and illuminated by white light with an intensity of 50 mW/cm 2 , and the geometry of the measurement is shown in Fig. 3A . The temperature of the samples was not intentionally controlled but was measured to be around 65°C during the stability study. After illumination for 500 hours, the bending force was removed, and the films were set back to the flat state for measurements. The photographic images in Fig. 3A show that the films with larger lattice strain had large areas that turned yellow, which is generally a signature of the decomposition of MAPbI 3 into PbI 2 , whereas the films with the smallest strain remained mostly black after 500-hour illumination. The XRD pattern shown in Fig. 3B confirmed the results. It is noticed that there is regional difference in the degree of degradation within one film. It is not caused by different degrees of strain at different locations because we confirmed that the strain is uniform over the film (fig. S7) . This difference can be caused by different grain sizes, defect concentrations, etc. at different locations as a result of the spin-coating process. The intensity ratio of the (001) PbI 2 peak to the (110) MAPbI 3 peak is 1.09 for the convex film with the largest strain and 0.43 for the flat film with the intermediate strain. The concave film with the smallest strain was stable after illumination for 500 hours without any appearance of the PbI 2 peak.
Another interesting observation is that if the strain is released before decomposition occurs, then the perovskite film is more stable. Here, we etched ITO to expose glass on one-half of an ITO/glass substrate, and MAPbI 3 films were deposited on the same substrates to ensure the same film quality on both ITO and glass. The scanning electron microscopy image of MAPbI 3 films on the two types of substrates is shown in fig. S8 . The grain size and distribution were virtually identical on the two substrates. Therefore, the previously observed influence of grain size on perovskite film stability does not affect this study (46) . MAPbI 3 films coated on PTAA/ITO and PTAA/glass surfaces were measured by XRD every 7 days under continuous illumination, and the spectra are shown in Fig. 4 (A and B) . Because glass is much smoother than ITO, it is expected to allow easier strain relaxation because of less affinity or bonding of perovskite to the very smooth and nonwetting glass substrate, whereas the hydrophobic PTAA further enhances the separation of MAPbI 3 from glass. The MAPbI 3 film still has certain affinity to the PTAA-covered ITO substrate, because the roughness of ITO is comparable or larger than the PTAA thickness (10 nm). Initially, the XRD peak positions of the films on ITO and glass are the same, indicating the same degree of strain in MAPbI 3 on the two different surfaces. The strain relaxation process was studied by XRD peak shift, and the degree of MAPbI 3 decomposition was defined by the XRD peak intensity ratio between the (001) PbI 2 peak and the (110) MAPbI 3 peak. The results are summarized in Fig. 4 (C and D) . The strain relaxation was accelerated by exposing the uncovered MAPbI 3 films to illumination. Under continuous illumination, the XRD peaks of the MAPbI 3 film on glass gradually shifted to lower angles, indicating that the strain was largely relaxed in 7 days. After strain relaxation, the MAPbI 3 film on glass was stable for 3 weeks without the appearance of any PbI 2 XRD peaks. On the other hand, the strain of the MAPbI 3 film on ITO was not relaxed in the first 2 weeks, as indicated by the lack of shift in the XRD peaks. The decomposition of the MAPbI 3 film was observed in this period with an increasing (001) PbI 2 /(110) MAPbI 3 XRD peak ratio. The strain partially relaxed after 3 weeks, because the XRD peaks of the film on ITO shifted slightly to lower angles, and the rate of film decomposition decreased.
Besides the PTAA/ITO/glass substrate, SnO 2 /ITO/glass has been tested to observe the relation between strain and stability of the perovskite films, and the results are shown in fig. S9 . We found that for all substrates, the strain effects on the stability of perovskite films was consistently the same, that is, the degradation is accelerated if the strain is present in the MAPbI 3 films; if the strain is relaxed, then the MAPbI 3 films are more stable.
Mechanism of accelerated degradation by strain
Because the decomposition of solid-state MAPbI 3 to PbI 2 involves mass transport, the accelerated degradation by strain should be related to the change of ion migration under strain. Thus, the activation energy (E a ) for ion migration in the MAPbI 3 films was measured in the dark and under illumination. The samples were prepared on the flexible substrates by the one-step deposition process, followed by the thermal evaporation of Au bar electrodes with a spacing of 50 mm. A layer of PS was then coated on top of the MAPbI 3 films. Then, the films were bent to different strain states to enhance or reduce the lattice strain, which is also illustrated in the insets of Fig. 5 . The temperature-dependent conductivity was measured by the following previously established processes (47, 48) , and the results are shown in Fig. 5 . On the basis of the Nernst-Einstein relationship
where s 0 and k are constants, s and T are conductivity and temperature, respectively, and E a is the activation energy for ion migration. E a can be derived from the slope of the ln(sT) versus 1/T plot. As shown in Fig. 5 , the activation energies for ion migration are 0.29, 0.39, and 0.53 eV for the convex, flat, and concave MAPbI 3 films, respectively. Under illumination by white light with an intensity of 25 mW/cm 2 , the activation energies for ion migration reduced to 0.046, 0.074, and 0.083 eV for the convex, flat, and concave films, respectively. The result conclusively shows that the perovskite films with larger strain have smaller ion migration activation energy in both dark or under illumination conditions. The accelerated ion migration in the strained perovskite films can explain the faster degradation of MAPbI 3 into PbI 2 , because MA + and I − ions can migrate more easily from the MAP-bI 3 films, producing PbI 2 . The increased ion migration under larger lattice strain can be explained by the additional driving force caused by the strain for ion migration, because the ion migration process relaxes the lattice strain and thus reduces the free energy of the system.
DISCUSSION
In conclusion, we discovered that lattice strain is present in perovskite films formed by high-temperature annealing processes used for the fabrication of all high-efficiency perovskite solar cells. The strain is caused by the thermal expansion mismatch between the perovskite material and substrate. The lattice strain is found to be an important intrinsic source of instability in perovskite films reducing the activation energy for ion migration, which then accelerates perovskite decomposition. Relaxation of the lattice strain or avoiding the generation of the lattice strain can decrease the strain-related perovskite decomposition rate. We found that low-temperature perovskite film formation or using substrates with a similar thermal expansion coefficient can minimize fabrication-induced strain, providing a path to enhance intrinsic perovskite device stability, and should be taken into account in the design of scalable fabrication of perovskite solar modules. Finally, the strain-related film stability is not limited to solar cells and may influence the stability of other electronic materials.
MATERIALS AND METHODS
Perovskite thin-film fabrication MAPbI 3 perovskite films made by the one-step method were prepared from a precursor solution (1.3 M) of equal molar ratio of PbI 2 and MAI in a mixed solvent of 9:1 volume ratio of dimethylformamide (DMF) and DMSO in a N 2 -filled glove box. After the ITO/glass or cover glass substrates were cleaned by isopropanol, acetone, and treated by ultraviolet-ozone plasma, PTAA/toluene solution (2 mg/ml) was spin-coated on the ITO/glass substrates at 4000 rpm for 30 s. After the PTAA-coated ITO/glass substrates were annealed at 100°C for 10 min, the perovskite precursor solution was spin-coated on top of the substrates at 4000 rpm for 20 s. One hundred thirty microliters of toluene was dripped on the substrate after the substrate was spinning for 10 s. Then, the coated substrates were either annealed at 100°C for 10 min or transferred to a vacuum chamber for 3 days, as previously reported to fabricate the annealed and the non-annealed samples, respectively. MAPbI 3 perovskite films made by doctor blading were prepared from a precursor solution (1 M) of equal molar ratio of PbI 2 and MAI in DMF. After the substrates were treated as above, they were set on a hot plate at a temperature of 145°C. Then, the precursor solution was dropped and swiped by an applicator with a speed of 1 cm/s. After the film was formed, it was annealed at 100°C for 10 min. MAPbI 3 perovskite films made by the two-step method were prepared by a PbI 2 /DMF solution (650 mg/ml) and MAI/IPA solution (65 mg/ml). After the substrate was prepared as above, 35 ml of the preheated PbI 2 precursor solution was spin-coated on top of it at a speed of 6000 rpm. After the PbI 2 -coated substrate was annealed at 100°C for 10 min, 55 ml of the MAI precursor solution was spin-coated on top of it at 6000 rpm. Then, the prepared films were annealed at 100°C for 30 min.
Perovskite single-crystal powder preparation Pb(Ac) 2 ·3H 2 O (2.5 g; 99%, Alfa Aesar) was dissolved into 7.6 ml of aqueous HI solution (57% w/w, stabilized with 1.5% hypophosphorus acid; Alfa Aesar) under stirring at 110°C, and 6.6 mM aqueous methylamine solution (CH 3 NH 2 ) (40% w/w; Alfa Aesar) was dissolved into 0.87 ml of HI under stirring for 10 min. The methylamine mixture solution was then gradually dropped into the Pb(Ac) 2 ·3H 2 O mixture solution under stirring at 110°C, and a black MAPbI 3 powder was obtained at the bottom of the solution. The solution was kept stirring at 80°C for 1 hour, and then, the black powder was separated from the solution and washed for at least three times with diethyl ether. The MAPbI 3 powder was then dried under vacuum overnight.
Stability test
All the samples were stored in one petri dish and sealed by a plastic bag in air with~30% relative humidity and illuminated under white light with an intensity of 50 mW/cm 2 .
Activation energy determination
To characterize the activation energy for ion migration, lateral devices were fabricated by thermal depositing Au electrodes with a spacing of 50 mm on top of the annealed films. A thin layer (40 nm) of PS was spin-coated on top of the device. Then, the devices were bent to different states and set in a Lakeshore Probe Station under a vacuum of 10 −5 Pa with 0.25-sun white light through a quartz window. The samples with different bending states were settled on a copper plate where the temperature was controlled by a heater and liquid N 2 . The electric field of the lateral device was 1.2 V/mm. The current was measured by a Keithley 2400 at different temperatures. The device was first cooled and stabilized at 170 K for 30 min. Then, the device was slowly heated to 330 K with a step of 10 K. Each step was stabilized at that temperature for 10 min before the current measurement was taken.
Characterization of perovskites by XRD
Out-of-plane XRD measurements were performed with a Bruker AXS D8 Discover diffractometer. Bruker D8 Discover diffractometer was configured in parallel beam geometry with Cu Ka radiation (a wavelength of 1.5418 Å). The in situ XRD at different temperatures was measured by this diffractometer with a domed hot stage. In-plane XRD measurements were carried out with the Rigaku SmartLab diffractometer using Cu Ka radiation (a wavelength of 1.5418 Å).
Lattice calculation
The lattice parameters were determined using standard extrapolation techniques (49) . Both a and c were obtained by the extrapolation of the lattice constant versus cos 2 (q)/sin(q), which provided a better fit to the data than did cos 2 (q) extrapolation from different peaks. Peak positions were determined by fitting the XRD peaks with a Gaussian function.
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